Abstract-This paper presents a two-axis electrothermal single-crystal-silicon micromirror that is tilted 45°out of plane on a silicon optical bench (SiOB). The SiOB provides mechanical support and electrical wiring to the tilted two-axis scanning mirror, as well as aligned trenches for assembling other optical components, such as optical fibers and GRIN lens. The preset tilting of the mirror plate is achieved via the bending of a set of stressed bimorph cantilevers. A stopper connected on the bending bimorphs reaches and is stopped by the adjacent silicon sidewall. The tilt angle can be precisely controlled by properly choosing the distance from the stopper to the silicon sidewall and the flexure bimorph length. The fabricated mirror plate is 0.72 mm × 0.72 mm and the footprint of the entire MEMS device is 2.22 mm × 1.25 mm. The measured maximum total optical scan angle of the mirror is approximately 40°in both x-axis and y-axis at only 5.5 V dc . This technology will enable a new class of more compact microendoscopic optical imaging probes for in vivo early cancer detection.
realized by employing single mode fibers and small-diameter GRIN rod lenses. Meanwhile, OCT has the inherited depth (z-axis) imaging capability. In order to obtain endoscopic or intravascular 3D OCT images, 2-axis lateral scan must be used. Typically an external motor is used to rotate a fiber-prism module [9] or a micromotor at the tip of the imaging probe is driven to rotate with a microprism attached [10] , [11] , and at the same time, another external motor is employed to pull back the tethered probe. An alternate method of 3D OCT imaging is to use a 2-axis optical scanner inside the endoscopic probe to provide the 2-axis lateral scan. Thus, the miniaturization of endoscopic probes is to minimize the optical scanning module, which remains the main obstacle before they can be used in clinical applications. Early endeavors on endoscopic probe development mostly employed external motors placed at the proximal end of the probes to rotate or to linearly translate optical fibers [9] [10] [11] [12] [13] . However, imaging internal organs normally requires over 1.5 meters long fibers and less than 3 mm probe diameters, so motor-driving such long and thin fibers at the proximal end encounters serious hysteresis, non-linearity, and vibration.
For this reason and other benefits, scanning at the distal end based on microelectromechanical system (MEMS) mirrors has been proposed and played an important role in endoscopic optical imaging [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The main advantages of MEMS scanning mirrors based endoscopic probes include rapid scanning speed, free-space optical scanning, no moving fibers, low cost, and easy integration. A variety of MEMS mirrors employing various actuation mechanisms such as electrostatic [14] [15] [16] , electromagnetic [17] , piezoelectric [18] , [19] and electrothermal [20] [21] [22] [23] [24] have been widely explored in endoscopic optical imaging probes. Among them, electrothermally actuated MEMS micromirrors have been demonstrated to be most attractive for endoscopic probes thanks to their large scan angle, low drive voltage and high fill factor [21] . Several types of electrothermal MEMS mirrors have been developed and employed in side-viewing endoscopic probes [20] [21] [22] [23] [24] . As shown in Fig. 1(a) , a precisely machined probe mount with a 45°slope is required to assemble the MEMS mirror in order to achieve side-viewing imaging, no matter which actuation mechanism is used. For example, Sun et al. reported such an endoscopic probe with a diameter of 5.8 mm using a 2-axis electrothermal MEMS mirror [21] , where a flexible or rigid PCB is used to provide both physical and electronic connection with the planar MEMS mirror. Jung et al. reported a similar OCT endoscopic probe (<4 mm in diameter) using a 2-axis electrostatic MEMS mirror [14] , where the electrical connection was provided by wire bonding the mirror pads to six planarized wires passing through six access holes drilled at the distal end of the probe platform.
In all these probes, the MEMS mirror plates are flat to the chip substrate, so a 45°slope is needed to direct the light to the side of the probe. The electrical connection is provided either by wire bonding [21] , resulting in large probe size, or flipchip bonding [4] , [22] , suffering from serious electrical contact failure problems. Furthermore, several other deficiencies will also limit the probe rigidity and miniaturization if planar MEMS micromirrors are used. Firstly, the 45°slope or pocket will enlarge the total probe size and increase the precision requirement and the complexity of mechanical machining. Secondly, it is difficult to assemble a small MEMS chip to a PCB mounted on a 45°slope inside a very narrow space. Thirdly, the optical alignment is very difficult and laborintensive. A silicon optical bench (SiOB) with a pre-fabricated 45°trench on a silicon substrate and a micromirror manually fixed in the trench was demonstrated by Xu et al. [23] . The planar micromirror is fixed in the 45°trench manually and the electrical connection between the MEMS actuators and the embedded metal paths in the SiOB is achieved using solder balls. However, forming reliable electrical and mechanical connections is still a big challenge due to the significant deformation of solder balls during reflow and curing [23] .
In this paper, a 45°-tilted 2-axis MEMS micromirror integrated with a SiOB (Fig. 2(b) ) has been proposed and fabricated to further minimize the probe size and overcome the assembly challenges. The pre-set tilt angle of the 2-axis mirror is achieved by a curled bimorph flexure connecting the mirror frame to the SiOB and can be precisely controlled by properly choosing the flexure bimorph length and the distance between the stopper to the silicon sidewall. The SiOB provides mechanical support and electrical wiring to the tilted 2-axis mirror as well as an aligned trench for assembling other optical components such as fibers and GRIN lens ( Fig. 2(a) ). The integrated tilted MEMS mirror provides the potential to effectively reduce the probe size ( Fig. 1(b) ) by as much as 20% compared to the original side-viewing probe employing the same-size planar MEMS mirror and the 45°slope ( Fig. 1(a) ). Moreover, the electrical connection between the mirror and the substrate is provided by metal lines embedded in the flexure bimorphs, which is robust and reliable. The assembly process is much simplified thanks to the pre-set tilt angle and the trench on SiOB for alignment of optical components.
In the following, the device design is introduced first in Section II. The device fabrication and device characterization will be presented in Section III and IV, respectively.
II. DEVICE DESIGN
The proposed device is illustrated in Fig. 2(a) , where a 2-axis scanning single-crystal-silicon (SCS) mirror is tilted by 45°out of the surface of a SiOB. The SiOB provides electrical wiring to the actuators of the mirror and an aligned trench for easy assembly of the GRIN lens and SMF module. The 2-axis mirror is supported by a rigid silicon frame that is connected to the SiOB substrate via a curled bimorph flexure. The mirror and frame are made of the device layer of an SOI wafer while the curled bimorph flexure is a bilayer structure consisting of Al as the bottom layer and SiO 2 as the top layer. The trench is formed on the device layer by removing the SOI handle layer through DRIE. Upon releasing the bimorph flexure, the curled flexure bends the frame and the mirror all way back to the SOI handle layer side such that the stopper on the frame is in contact with and is stopped by the sidewall of the SiOB (Fig. 2(b) ).
In this section, we will first introduce how to realize the 45°tilt, and then describe the 2-axis scanning mirror design and the entire SiOB design. After that, we present the simulation results.
A. 45°Tilt Structure Design
As shown in Fig. 2(b) , the frame tilt angle (e.g., 45°) is precisely controlled by the radius of curvature and the length of the flexure bimorph as well as the geometry design of the distance from the stopper to the silicon sidewall. The flexure bimorph curvature-induced tilt angle is designed to be larger than the targeted tilt angle. Then the targeted tilt angle can be achieved by precise control of the distance between the stopper connected to the mirror frame and the anchor on the SiOB.
1) Radius of Curvature and Length of Flexure Bimorphs:
The schematic of a basic bimorph cantilever is shown in Fig. 3 . In order to obtain the initial bend of the mirror frame towards the silicon substrate and stopped by the silicon sidewall, the top and bottom layer of the flexure bimorph must have compressive stress and tensile stress, respectively. Compressive SiO 2 and tensile Al thin films have been chosen for the top and bottom layer respectively because of the large difference in coefficient of thermal expansion (CTE) [25] . A Pt layer is embedded between the SiO2 and Al thin layers as a heater for the bimorph structure.
The initial radius of curvature caused by the intrinsic thermal stress is dependent on the structural parameters of the bimorph cantilever and the thermally induced strain difference ε T between the two structural layers Al/SiO 2 , given by [25] , [26] :
where, ε T is determined by the CTE difference between the two selected materials and the deposition temperature of each layer, and β b represents the curvature coefficient, depending on the layer thicknesses t 1 and t 2 . Given the length of the bimorph cantilever as l b , the tangential angle at the tip of the bimorph cantilever can be derived from the thermally induced strain mismatch [25] , [26] :
, where E 1 and E 2 are the biaxial Young's moduli of the top and bottom layer, respectively, β b reaches its maximum value of 1.5 [22] , [26] . Therefore, the optimal thickness ratio of the Al and SiO 2 layers to obtain the maximum sensitivity and deflection angle is 0.88 as the biaxial Young's moduli of Al and SiO 2 are 108 GPa and 134 GPa [25] , respectively. Thus, the thicknesses of the Al and SiO 2 are chosen respectively as 0.88 μm and 1.0 μm in this work. According to the deposition process, the Al layer will be sputtered at room temperature and the SiO 2 layer will be deposited at a high temperature of ∼300°C. However, based on the practical initial displacement of previously fabricated devices, the effective temperature change of the Al thin film layer deposited right on the silicon substrate is ∼200°C. According to Eq. (2), the initial radius of curvature of the flexure bimorph can be calculated by choosing proper flexure bimorph length. In this work, the designed length of the flexure bimorph is 300 μm, leading to a theoretical initial tangential angle of 65°, which is larger than 45°with no stoppers. Finite element model of the flexure bimorph supporting the mirror frame has been built and shows a similar simulation result.
2) Geometric Design of the Anchor Size: Assuming that the initial tangential angle of the flexure bimorph is larger than 45°with no stoppers, the tilting angle between the plane of the mirror frame and the plane of the SiOB can be precisely controlled by the geometric design of the distance between the stopper connected to the mirror frame and the silicon sidewall. As the schematic in Fig. 4 illustrates, the frame tilts with the bending bimorph and is stopped by the silicon sidewall. The initial angle is finally precisely controlled by the distance between the silicon sidewall to the stopper or the length of the extended anchor. In other words, if we know the ideal pre-set tilt angle of the mirror frame, as required to be 45°for the endoscopic optical imaging applications, we can calculate the length of the extended anchor and thus determine the geometry and layout of the device. As shown in Fig. 4(b) , the radius of curvature of the curved flexure bimorph R f b is given by:
where L f b is the length of the flexure bimorph, which is set as 300 μm according to the theoretical calculation and simulation in this device design, and θ c represents the central angle corresponding to the curved flexure bimorph after release, which is equal to the pre-set tilt angle of the mirror frame, i.e., 45°.
From the geometric analysis, the length of the anchor on the substrate, L out , should satisfy the following relationship with the bimorph length and the tilt angle.
where T d is the thickness of the mirror frame, i.e., the thickness of the device layer of the SOI wafers used in this work, which is 60 μm. Thus, the calculated length of the anchor is 228 μm. The length of the anchor will be decreased by isotropic DRIE during the final release step and will enlarge the tilt angle compared to the design value. For example, the pre-set tilting angle will increase from 45°to 65°with a 30 μm silicon undercut, according to the Eq. (4) and Eq. (5).
Considering the silicon undercut of around 30 μm, the anchor length should be set as 278 μm in the layout.
3) Mirror Size Requirement and Tilt Angle Tolerance Analysis: As shown in Fig. 2(a) , for a side-viewing probe, though a mirror plate with a 45°tilt is ideal, a mirror with a non-45°tilt may still work as long as the optical beam reflected off the mirror is not blocked by the GRIN lens at the maximum tilt angles of the mirror. For most of our prior endoscopic OCT probes [22] , the diameter of the GRIN lens is 0.7 mm, and the distance from the end of the GRIN lens to the center of the MEMS mirror plate is about 2 mm. If the mirror rotates ±10°(or ±20°optical angle), then the tilt angle of the MEMS mirror can range from 28.4°to 75°.
In addition, the GRIN lens (ILW-070, GoFoton) used in our prior endoscopic OCT probes has a length of 1.955 mm, a center refractive index of 1.6164 and a gradient constant of 0.8521 mm −1 at the wavelength of 1310 nm. In this case, the light spot on the MEMS mirror plate is about 100 μm. In this design, the aperture of the mirror plate is chosen to be 0.72 × 0.72 mm 2 to effectively reflect the light beam even when the mirror plates tilts at a large angle. Thus, the lateral resolution of the endoscopic OCT probe is mainly determined by the GRIN lens other than the mirror plate. Typically, a lateral resolution around 25 μm at a working distance of 3.5 mm can be achieved. More detailed study of the lateral resolution of endoscopic OCT probes can be found in [27] .
B. Two-Axis Scanning Mirror Design
The 2-axis mirror employs a folded dual S-shaped bimorph (FDSB) actuator design which is similar to the one reported in [26] . The mirror plate is supported by four symmetrically placed FDSB actuator pairs, with one pair of FDSB actuators on each side. As shown in Figs. 4(c) and (d) , each FDSB actuator pair contains a pair of symmetric FDSB actuators sharing a connected electrical path. Each FDSB actuator consists of two S-shaped, inverted-series-connected curved bimorphs. Each S-shaped bimorph is made of three sections including two active bimorph sections with inversely deposited SiO 2 /Al layers, and an overlap section to strengthen the connection between the two active bimorphs. The FDSB actuator can convert the curling of single bimorphs to a pure vertical displacement at the tip without lateral shift, as shown in Fig. 4(e) . The four actuator pairs are respectively wired to four pads with a common ground pad located on the backside of the SiOB. The pads are designed to be as large as 180 μm by 180 μm for easy wire bonding. The size of pads and the distance between the pads can be further increased by extending the length of the SiOB, which will not affect the outer diameter of the probe. By controlling the phases of the drive voltages for the four pairs of FDSB actuators surrounding the mirror plate, both piston scanning mode and 2-axis tip-tilt scanning mode can be obtained.
The size of the mirror frame is 1.2 × 1.2 mm 2 , which corresponds to a high fill factor of 34%. The widths of the frames around the mirror plate have been minimized to achieve the maximum fill factor while maintaining enough space for embedded wiring.
C. SiOB Design
On the backside of the SiOB are two grooves that can hold and align an optical fiber tip and a GRIN lens to deliver the light to the center of the mirror surface, as shown in Fig. 2(a) . The light out of the GRIN lens is reflected by the 45°tilted mirror plate to achieve a 90°output direction at zero drive voltage to the MEMS mirror. The widths of the groove openings match the sizes of the employed optical fiber and GRIN lens such that the optical axes are all aligned to the center of the scanning mirror automatically. This design completely eliminates the difficulty and labor of intensive precision alignment work and the need of any external precision machining probe mount. Note that it is essential to achieve the designed tilt angle to ensure the designed height of the Fig. 2(a) is its shorter SiOB. The layout of the tilted micromirror is shown in Fig. 5(a) . Two sets of frame bimorphs are placed at the two sides of the mirror plate separately. The mirror frame is connected to the frame bimorphs through two silicon stoppers extended out from the sides of the mirror frame. The length of the overlapped area between the bimorph flexure and the mirror frame L ol (shown in the Fig. 5(b) ) is designed to be 235 μm.
The opening width of the rectangular groove determines the height of the centers of the optical components. In order to align the optical axis of all optical components to the mirror center (shown in Fig. 5(b) ), the opening width W is given by:
where, H mc represents the height of the mirror center, T s is the thickness of the silicon substrate, and R o is the radius of an optical component to be placed in the groove. The height of the mirror center is mainly determined by the length of the flexure bimorphs, the radius of curvature and the size of the mirror plate, which is given by:
where, the length of the bimorph L f b is designed to be 300 μm as discussed above and the tilt angle of the flexure bimorph is 45°. The thickness of the device layer T d of the SOI wafer is 60 μm. In addition, L f represents the half length of the mirror frame, which is designed to be 600 μm and L ol is the overlap length shown in Fig. 5(b) . And H i is the initial elevation of the mirror plate compared to the mirror frame, which is assumed to be 150 μm according to the previous fabricated planar 2-axis scanners [22] . Thus, the height of the mirror center of the tilted MEMS scanner is calculated to be 520 μm. The diameters of the SMF fiber and GRIN lens are 0.9 mm and 0.7 mm respectively. The width of grooves designed for the fiber and GRIN lens are calculated to be 842 μm and 623 μm respectively according to Eq. (6).
D. Tolerance Analysis
Silicon undercut of the stopper and anchor is critical to determine the tilt angle. For example, an undercut of 10 μm will introduce a tilt angle change of 7.8°according to Eq. (4) and Eq. (5). According to Section II.A(3), the tilt angle can range from 28.4°to 75°to meet the requirement of the sideviewing probe. Thus, the corresponding maximum undercut should be controlled smaller than 51 μm to achieve tilt angle with the range of 45°to 75°using the layout designed without considering any silicon undercut.
Silicon undercut is mainly introduced by the isotropic DRIE during the final release step. Since the release is at the die level with only one die attached at the center of a carrier wafer, as described in Section III, the uniformity of the undercut caused by isotropic etch can be well controlled within the range of 24 μm to 28 μm, which will result in a tilt angle variation range of 61.6°to 63.9°. If the layout is designed considering an average undercut of 26 μm, the tilt angle will have an average value of 45°with variations ranging from 43.1°to 46.5°.
Back-to-front misalignment will also affect the tilt angle since it will change the length of the anchor. The typical backto-front alignment error is around 2 μm, which only leads to a 0.3°change of the tilt angle, according to Eq. (4). So the back-to-front misalignment is not a significant issue.
E. FEA Simulation
3D modeling and FEA simulation of the proposed tilted 2-axis scanning MEMS micromirror have been performed using COMSOL to simulate the initial displacement, static scan range and resonant frequencies of the scanner. The simplified 3D model, shown in Fig. 6(a) , consists of only the 2-axis scanning mirror connected to two fixed stoppers through flexure bimorphs, without including the entire SiOB. The actuator bimorphs and flexure bimorphs have been simplified to have only the primary structural layers of Al and SiO 2 layers in the 3D model. The Pt resistor layer, Cr adhesion layers and SiO 2 insulation layers are not included due to their small thicknesses. The structural parameters for the simplified FEA model of the device are listed in Table 1 . Based on the previous device fabrication process [26] , the deposition temperatures for SiO 2 and Al thin films are set at 300°C and 200°C respectively in the FEA simulation.
The FEA simulation result of the initial radius of curvature of the flexure bimorphs is shown in Fig. 6(a) . The initial displacement of the tip end of the flexure bimorph is 220 μm and the mirror frame is initially bent towards the silicon base by 65°with no stoppers, which is larger than 45°. Given the same deposition temperatures for the Al/SiO 2 layers in the actuator bimorphs, the mirror plate has an initial displacement of 199 μm and maintains in parallel with the mirror frame, shown in Fig. 6(b) .
Figs. 6(c) to (h) show the piston scanning mode and tip-tilt scanning modes of the mirror plate as well as the vibration modes of the mirror frame. The first mode is at 155 Hz, corresponding to the rotational mode of the mirror frame, shown in Fig. 6(c) . The second mode at 621 Hz is the piston scanning mode of the mirror plate, shown in Fig. 6(d) . The third and fourth modes shown in Figs. 6(e) and (f) are the rotational scanning modes of the mirror plate in X-axis and Y-axis respectively at 884 Hz and 923 Hz. The other two modes shown in Figs. 6(g) and (h) occur at higher frequencies and they are related to the vibration of the mirror frame. Only the piston mode and the two rotational modes of the mirror plate (shown in Figs. 6(e) and (f)) are desired for optical imaging. All other modes are related to the vibration of the frame bimorphs and may introduce coupled vibrations leading to imaging distortions and nonlinearity. Fortunately, the undesirable frame rotation modes can be eliminated by applying glue to fix the stopper with the anchor on the substrate manually after releasing.
III. DEVICE FABRICATION
The proposed device designs were fabricated on a silicon on insulator (SOI) wafer. The fabrication involves both surfaceand bulk-micromachining processes and the cross-sectional view of the process flow is illustrated in Fig. 7 [22] . The fabrication process starts with an SOI wafer with a 60 μm device layer, a 2 μm buried oxide (BOX) layer and a 300 μm handling layer. Firstly, a 1 μm PECVD SiO 2 layer is deposited on the front side of the SOI wafer and is subsequently patterned to form the bimorph actuators with SiO 2 as the bottom layer. Buffered oxide etchant (BOE) is employed in order to generate a smooth edge for providing good metal line continuation for the following Pt and Al layers. Secondly, a 0.05 μm PECVD SiO 2 is deposited on the front side of the SOI for insulation and adhesion enhancement. Then a Cr/Pt/Cr layer is sputtered and patterned via lift-off process to form heaters along the bimorph actuators. After that, a 0.1 μm PECVD SiO 2 layer is deposited and patterned using dry etch in a Unaxis reactive-ion etching (RIE) system for insulation between the Pt heater layers and Al structure layer. Then a 0.88 μm Al lift-off process is performed to form the other layer of the bimorph actuators as well as the pads and embedded electrical wiring. After that, another 1.2 μm PECVD SiO 2 layer is deposited and patterned by RIE dry etch to form bimorph actuators with SiO 2 as the top structure layer for the bimorph actuators and bimorph flexure. Up to this step, all the layers patterned on the front side have been completed.
Then the front side is spin-coated with a 6.5 μm AZ9260 photoresist to protect the exposed Al layer. Another 8.5 μm AZ9260 is coated and patterned on the backside of the SOI as the mask for backside DRIE silicon etch to form the trenches on SiOB and trenches between individual die from the wafer. A silicon carrier wafer is attached to the front side of the SOI wafer for DRIE etch. The DRIE etch stops at the BOX layer. Then the BOX layer is removed through RIE, and an Au/Cr layer is sputtered on the backside of the wafer to form a mirror surface on the front side of the device. After this step, the carrier wafer is removed by immersing it in Acetone, and the SOI wafer is separated into individual die. An individual die is glued on the carrier wafer using a thermal release tape (Nitto, 3195M) with its backside exposed and now it is ready for release. Please note that the backside of the device (defined in Fig. 8(c) ) is formed by the front side of the wafer.
The release starts with an anisotropic DRIE etch through the device layer to open the silicon trenches from the backside of the device (Fig. 7(h) ). Then the silicon underneath the bimorphs is removed by isotropic etching. Thin-film stresses result in the initial displacement of the bimorphs after the complete removal of the silicon underneath the bimorphs. The last two release steps are critical since the mirror actuator bimorphs must be released (Fig. 7(i) ) before the release of the flexure bimorphs (Fig. 7(j) ). This is achieved by having the width of the actuator bimorphs smaller than that of the flexure bimorphs. In this way, the silicon beneath the actuator bimorphs will be etched completely while the silicon underneath the flexure bimorphs is only partially etched; so the actuator bimorphs will bend first and then the flexure bimorphs will curl over to the base and be stopped by the stopper on the base. Thus, the release steps of the actuator bimorphs and the flexure bimorphs can be controlled separately. Otherwise, if the flexure bimorphs are released first, the mirror frame will bend over to 45°toward the base, and the silicon beneath the actuator bimorphs will be etched unevenly due to the tilting angle, which will cause problems to release the actuator bimorphs. Also note that during the DRIE release, the Au/Cr layer in the regions not covered by the mirror frame, bimorph beams, and mirror plate will be etched, so the mirror frame together with the bimorphs and mirror plate will be released while the Au/Cr coated on the front side of the mirror plate will stay after the release process and serve as the mirror surface.
To summarize, the full release steps are listed as the following:
1. Etch through the device layer to open the silicon trenches using anisotropic etch. 2. Remove the silicon underneath the actuator bimorphs completely using isotropic etch. The actuator bimorphs will be released, and the mirror plate will have initial displacement. 3. Remove the silicon underneath the flexure bimorphs completely by adding isotropic etch time. The flexure bimorphs will be released, and the mirror frame along with the mirror plate will have initial tilt angle.
IV. DEVICE CHARACTERIZATION Fig. 8(a) shows a front side view of a fabricated device, where the Au-coated mirror plate is 0.72×0.72×0.06 mm 3 and the SiOB substrate is 2.22×1.25×0.36 mm 3 . A few SEMs of the close-up views of the actuator, curled flexure bimorphs, and stopper are also shown in Figs. 8(b) to (e). The stopper is stopped at the sidewall precisely as designed (Figs. 8(c) and (e) ). The initial radius of curvature of the flexure bimorphs is 277.2 μm, calculated from the initial displacement of the bimorph tip connected to the stopper on the mirror frame. The averaged measured tilt angle of the mirror plate out of the SiOB substrate is 62°with a variation range within 3.7% caused by the silicon undercut ranging from 24 μm to 28 μm. This averaged pre-set tilting angle is larger than the ideal 45°, which is mainly due to the fact that the silicon undercut of the silicon sidewall beneath the stopper during the final isotropic etch release steps was not considered at the time of designing the layout. As illustrated in the close-up SEM in Figs. 8(d) and (e), a 30 μm lateral undercut of silicon occurs for both the stopper on the frame and the anchor on the substrate. Thus, when the stopper exactly hits and stays at the silicon sidewall, the calculated tilt angle should be 62°, which is in line with the measured value. The pre-set tilt angle can be adjusted to exactly 45°by considering the undercut and enlarge the size of the extended anchor to 278 μm in the device layout, as discussed in Section II. The initial elevation of the mirror plate is 155 μm and the mirror plate is parallel to the mirror frame, thanks to the symmetric design of four dual-S-shape bimorph actuators. The resistances of the four actuators are around 260 with the difference within 3.7%. Note that the initial elevation of the mirror plate varies among the released mirrors, ranging from 148 μm to 160 μm. This corresponds to less than 10 μm variation of the mirror center according to Eq. (7), which has little effect to the delivery of the 0.4 mm-diameter optical beam.
In the following two sub-sections, the characteristics of both stopper-contacting devices and stopper-glued devices are presented. The stopper-contacting devices are the devices as fabricated while the stopper-glued devices are the devices with the stopper fixed on the substrate using glue. So the frame of a stopper-contacting device is free to move, which will generate additional scan angle to the mirror plate. In this case, the total scan angle is the combination of the rotation of the mirror plate and the rotation of the mirror frame, which is not desired. On the other hand, the stopper-glued devices have demonstrated more desired static and frequency responses because the mirror frame does not move. In the following, the characteristics and related issues of the stoppercontacting devices are first introduced and discussed. Then the performance of the stopper-glued devices is presented to demonstrate the more desired characteristics.
A. Characterization of Stopper-Contacting Device
Both single actuator driving for static response and differential driving for angular scan range have been tested on stopper-contacting devices. The mirror plate does vertical piston scan or angular tip-tilt motion depending on how the drive signals are applied to four actuators. The testing setup and the illustration of the corresponding scan direction of each actuator are shown in Figs. 9(a) and (b). As shown in the schematic, the testing set-up consists of a He-Ne laser and a paper screen with a small hole in the middle to deliver the input laser beam. The mirror plate is placed perpendicular to the input laser beam when there is no drive voltage applied. The reflected light spot on the screen scans from the center point to one of four directions depending on which actuator is activated. The scan angle of the mirror plate can be calculated by the measured moving range of the reflected light spot and the distance from the mirror plate to the screen.
The mirror frame is connected to the substrate via a set of flexure bimorphs which has the same layer structure as the actuator bimorphs. Hence, if the mirror frame is not glued on the substrate, it will rotate when a voltage is applied to one or more bimorph actuators as part of the heat generated by the bimorph actuators will dissipate to the substrate through the mirror frame flexure. So the total scan angle of the mirror plate (i.e., the total scan angle, represented by thick solid lines in Fig. 9(b) ) is the combination of two scanning effects: 1) the scan angle generated only by the rotation of the mirror plate (i.e., the mirror plate scan angle, represented by dashed lines in Fig. 9(b) ); and 2) the scan angle generated by the rotation of the mirror frame (i.e., the frame scan angle, represented by thin solid lines in Fig. 9(b) ) when voltages are applied to the actuators. The total scan angle and the frame scan angle can be measured by shining the laser to the mirror plate and the mirror frame respectively. Then the mirror plate scan angle can be calculated according to Fig. 9(b) . Fig. 9(c) plots the measured frame scan optical angles versus voltages applied to single actuators, which shows almost identical four response curves due to the symmetric design. And the mirror frame only scans in the longitudinal direction (X-in Fig. 9(b) ). The response is nonlinear from 0 V to 1.5 V and becomes linear from 1.5 V to 5.2 V. The maximum frame scan optical angle is 12°when 5.2 V is added to one actuator. Fig. 9(d) plots the measured total scan optical angles versus voltages applied to individual actuators, which shows large response difference among the actuators. This is because the frame rotates only along the X-axis when a voltage is applied to each actuator. As shown in Fig. 9(b) , the total scan angle generated by Act2 is increased compared to the mirror plate scan angle while the total scan angle of Act4 is decreased since the frame rotates in the opposite direction to the mirror plate scan. Since Act1 and Act3 scan vertically in Y axis whereas the frame scans in the X axis, the scan pattern is slanted, as shown in Fig. 9(b) .
The mirror plate optical scan angles under single actuator driving can be easily calculated using the measured data shown in Figs. 9(c) and (d). The result is plotted in Fig. 9(e) , showing well-matched static responses for all four actuators with discrepancies less than 8.5%. The maximum mirror plate scan optical angle by a single actuator reaches about 20°at only 5.2 Vdc. A wide linear range from 3°to 17°has been achieved with the drive voltage from 1.2 V to 4.6 V. Note that this mirror can also perform piston motion when all four actuators are applied with the same voltage. However, the piston characteristics is not provided here since in the proposed OCT probe, the MEMS mirror only needs to provide a 2D lateral scan.
The measured response curve of tip-tilt scanning by exciting one actuator using a 1Hz sinusoidal signal is shown in Fig. 9(f) . The 10% to 90% response time is measured to be 2.8 ms. Figs. 9(g) and (h) show the frequency response of the scanning mirror by actuating each actuator individually and by actuating the opposing actuators differentially. The frequency response is measured by utilizing a test set-up including a laser, a network analyzer (Analog Kit) and a position sensing detector (OT-301DL, ON-TRAK). The first mode occurs at 191 Hz, which is identified as the frame rotation mode. The second mode is a piston mode with a resonant frequency of 696 Hz. The third peak at 743 Hz is the transverse rotational mode. The fourth mode is the longitudinal rotational mode at 950 Hz. The two rotational modes of the mirror plate are desired for optical imaging and displays and should be at the same resonant frequency if the frame is fixed. The modes of the mirror frame may generate some disturbing vibrations but can be eliminated by fixing the stopper and the anchor on the mirror frame utilizing optical glue. The measured resonant frequencies and modes of stopper-contacting device match the simulation results well, as listed in Table II . Fig. 10(a) shows the picture of a fabricated device with the stopper fixed on the substrate using optical glue. First, a droplet of optical glue is dropped on the space between the stopper on the frame and the anchor on the substrate manually. Then a UV light is used to solidify the optical glue and the frame is fixed on the SiOB.
B. Characterization of the Stopper-Glued Device
Both the static displacement and the frequency responses of the stopper-glued device show more desired characteristics compared to the devices without fixing. After fixing, the frame is not able to rotate so that the optical scan angle is purely introduced by the scan of the mirror plate. No rotation or vibration of the frame is observed while the mirror plate is scanning. According to the illustration in Fig. 10(b) , Act1 and Act3 allow the mirror plate to scan in the transverse direction compared to the horizontal base, while Act2 and Act4 permit the longitudinal scanning direction along with the base axis. Figs. 10(c) and (d) show two photos captured by differentially driving Act1 and Act3, and by driving Act2 and Act4, respectively. A raster scan pattern as well as the test set-up is shown in Fig. 10(e) . Two sinusoidal drive signals with a 2.2 Vdc offset and 4.4 Vpp are applied to both the fast scan actuators and the slow scan actuators. The frequencies of the driving signals for the fast scan axis and slow scan axis are 160 Hz and 8 Hz respectively. A square scan area of 31°× 30°h as been achieved. Note that OCT optical systems based on this MEMS mirror typically are not telecentric. The 2-axis radial scans of the focused light beam will generate spherical, fan-shaped and keystone distortions in OCT images, which can be corrected by using proper image processing algorithms, as reported in [28] .
The quasi-static responses with single actuator driving and differential driving of two opposed actuators are shown in Figs. 10(f) and (g), respectively. An average optical scan angle of 19.8°can be achieved in any of four directions by driving the actuators at 5.5 V individually. The measured maximum total optical scan angles of the mirror are 40.0°i n both x-and y-axis. The total optical scan angle increases nonlinearly when the drive voltage is smaller than 1.2 V and starts to increase linearly with drive voltage ranges from 1.2 V to 5.2 V. The linear range of total optical scan angle is approximately 6°to 38°. The accuracy of the scan angle can be controlled at about 0.01°and the short-term repeatability is in the order of 0.1°for the full scan range. Drift over time was observed and long-term repeatability is still under investigation.
The frequency response is shown in Figs. 10(h) and (i) . The undesired modes related to the frame have been eliminated, leaving only the piston scanning and tip-tilt rotational scanning modes of the mirror plate. The piston mode occurs at 640 Hz. The resonant frequencies of the tip-tilt scanning modes in two axes are measured to be the same, matching the symmetric structure design. The first resonant peak for the tip-tilt scanning mode in both directions occur around 750 Hz. The second peak occurs at 1470 Hz. The 3dB thermal cutoff frequency of the 2-axis mirror is 150 Hz, which permits a fast scanning speed for 3D optical imaging. These modes are also listed in Table II .
V. CONCLUSION AND DISCUSS
In this work, a 2-axis electrothermal SCS micromirror integrated on a SiOB with a pre-set tilt angle has been successfully demonstrated. The pre-set tilt angle has been implemented by supporting the mirror frame using a set of bimorph flexure. Thermal induced intrinsic stress will lead to the initial tilting of the mirror frame. The tilt angle of the mirror frame compared to the SiOB can also be adjusted with properly designed layouts or by controlling the silicon undercut at the final release steps. The tilt angle of the frame can be further fixed permanently by gluing the stopper on the SiOB with optical glue. Both piston scanning and 2-axis tip-tilt scanning have been demonstrated with the fabricated devices. The undesired vibration modes can be easily eliminated by fixing the frame. This 45°out-of-plane tilting method can actually be used to generate any other tilt angles with simple layout designs. The fabrication process stays exactly the same.
Next step is to assemble OCT probes and perform OCT imaging experiments. This technology provides great potential to further minimize endoscopic optical imaging probes and significantly mitigates the difficulty in manual assembly and alignment. It will help to enable a new class of ultra-compact fast-scanning microendoscopic optical imaging probes for in vivo early cancer detection.
